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Summary  
Objective: Traditionally, histological nalysis of cartilage and cartilage repair has been performed qualitatively. While 
new techniques and grading systems have attempted to improve the quantitative nature of histological assessment, 
the advent of computer-based analysis ystems have enabled development of more quantitative methodologies for 
cartilage repair. The objective of this study was to develop such a methodology for a more quantitative assessment 
of cartilage repair using a color-based image analysis ystem. 
Design: Repair parameters were defined to describe the degree of cartilage restoration: repair dimensions, degree 
of attachment, surface roughness and repair location. This technique was experimentally applied to a cartilage repair 
study using cultured perichondrial cells implanted ina polylactic acid matrix in the rabbit femoral condyle. Specimens 
were examined and compared with the contralateral normal knee. 
Results: Results howed increases in cartilage height, repair area, and surface roughness over controls for both 6 
and 12 weeks. Surface elevation was significantly decreased at 6 weeks over 12 weeks. The percentage of repair 
improved between 6and 12 weeks. Results were compared with a traditional grading system and demonstrated close 
correlation. Intraobserver and interobserver p ecision analysis were performed and demonstrated the reproducibility 
of the quantitative r sults by and between individuals. 
Conclusions: The methodology was deemed successful for a more objective analysis of cartilage with the added 
advantage of providing measured parameters that can assist in making comparisons between different studies using 
the same methodology. 
Key words: Quantitative, Articular cartilage, Histomorphometry. 
In t roduct ion 
I~ISTOLOGICAL analysis has been a traditional 
.component to the study of biological systems and 
tissues. In the past, methods to evaluate histologi- 
t~al sections have been descriptive and subjective. 
Clinicians and researchers have used descriptive 
t~,~rminology as a rule to describe the histology of 
cartilage repair [1-6]. Scoring and grading systems 
have been devised by some to arrive at a 
semi-quantitative alue that could be compared 
with other scores [7-9]. These subjective analyses 
~e dependent on a significant degree of interpret- 
stion by the human observer. 
In recent years, new quantitative analysis tools 
have been developed and implemented for the 
study of articular cartilage. The use of stereologi- 
cal methods applied to cartilage has been 
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documented by Weibel [10]. These techniques have 
been useful in the absence of the ability to measure 
cartilage parameters directly. 
A more recent technique to quantify surface 
fibrillatory changes in osteoarthritic articular 
cartilage was developed using ultrasound scatter- 
ing [11]. Differences in the cartilage surface of 
20-30 #m were detectable. Another technique has 
permitted the mapping of entire joint surfaces 
using stereophotogrammetry, but resolution with 
this system is lower than that desired for cartilage 
repair analysis [12]. The overall advantage ofsuch 
analysis systems is the ability to increase the 
measurement speed over manual calculations, 
reduce human subjectivity, and provide quantitat- 
ive measures. 
With the advent of high-speed image processing 
capabilities for small computers, imaging systems 
with the potential for performing quantitative 
analysis of histological sections has become 
available." Studies implementing such analyses 
have been applied to bone tissue [13-21], the 
microcirculatory s stem [22], melanoma [23], and 
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cartilage [24-26], to mention a few. In these 
studies, the degree of user interaction with the 
image analysis system varied from manually 
tracing objects on a video screen to complete 
computer automation. 
The study of articular cartilage histomorpho- 
metry lends itself to quantification by image 
analysis because the sizes, shapes, and cellular 
parameters of the tissue can be correlated with the 
health and 'normalcy' of the tissue. Recently, 
Ch~teauvert and coworkers [24] used image 
analysis to quantify the morphologic parameters of 
articular cartilage in rhesus macaques. Par- 
ameters of interest to the study were cartilage 
height, subchondral bone height, calcified carti- 
lage height, tidemark count, and cell density. 
Interest in the surface quality of articular 
cartilage has developed in recent years. Before the 
1970s, it was assumed that the surface of articular 
cartilage was smooth. Subsequent studies of the 
cartilage surface demonstrated the existence of 
surface irregularities and investigators have 
raised questions regarding the role of these 
irregularities in joint lubrication and function 
[27]. 
While the potential of image-based analysis is 
clear, difficulties with the methodology have been 
identified. These include the need for a high level 
of technical expertise by the systems operator and 
the time-consuming task of performing the analy- 
sis. These difficulties have persuaded some to 
prefer a traditional scoring system [28]. 
Mechanical engineers depend on the analysis of 
surfaces in a variety of applications. A number of 
structural parameters have evolved which to- 
gether, provide a characterization of a surface. In 
this study, we apply these principles to articular 
cartilage repair and address the difficulties of an 
image based approach. 
Methods 
A color image analysis system (Oncore Indus- 
tries, San Diego, CA, U.S.A.) was utilized in this 
study (Fig. 1). To use the system, a specimen was 
placed on the microscope stage, aligned within the 
viewing frame, and focused. Magnification was 
adjusted to include the desired region within the 
viewing frame. A color image allowed the system 
to consider color parameters, as well as image 
intensity, increasing the level of information about 
any pixel on the screen from 256 gradations of gray 
to over 16 million discrete color gradations. While 
color images were not essential to the methods 
presented here, the additional hue information 
aided in differentiation between stained cartilage 
and artifactual regions within the image. Images 
were visualized by a high-resolution color video 
camera (Hitachi HDC10), with greater than 700 
lines of horizontal resolution. The color camera 
was mounted on a Nikon Microphot light 
microscope. The camera output was connected to 
the video processing boards of the image analysis 
system in a Step-486 microcomputer (Everex 
step-486/25). A Sony 14" video monitor with greater 
than 750 lines of resolution was used to view the 
acquired images. 
A key feature of this analysis system was the 
ability to filter out undesirable images, such as 
dust or fiber artifacts, based on a color 'threshold'. 
This thresholding capability made it possible to 
carefully select an image of interest and compen- 
sate for any changes in microscope light intensity 
and color composition, while filtering out unde- 
sired portions of the video image. Customized 
analysis software written in the laboratory using 
the macro language supplied with the image 
analysis package provided a menu-driven i terface 
to the image analysis algorithms. Each sample was 
evaluated by sequencing through a set of menu 
options which allowed the user to identify the 
region of interest, and enable the computer to 
make the defined measurements, storing all results 
to a disk file. A post-processing program written in 
BASIC calculated the various parameters defined 
below. 
SAMPLE APPLICATION--STUDY GROUP 
This methodology of histological analysis was 
applied to a study involving 3.7mm diam- 
eter × 5 mm deep cylindrical osteochondral defects 
created in the left medial femoral condyle of adult 
New Zealand White rabbits [29-30]. This series of 
animals has been reported previously, although 
without the histomorphometric data presented in 
this paper [29]. Four weeks before surgery, 
perichondrial tissue was harvested aseptically 
from the first two unattached ribs of donor 
and High Speed 
FIG. 1. Schematic of image analysis ystem setup. The 
image from the videomicroscope is captured with a video 
processing computer. The observer uses the computer to 
measure distances and areas on the monitor. 
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animals. The perichondrial explant was placed in 
a culture dish with MEM media with 10% fetal calf 
serum (FCS). After primary perichondrial cells 
were cultured to confluency (85%), anhydrous 
polylactic acid (PLA) cylinders (3.7 mm×5.0 ram) 
were soaked in a concentrated cell solution 
(7-10× 106 cells/ml) just before implantation. This 
PLA/cultured cell composite was implanted into 
the osteochondral defect at the time of surgery. 
The contralateral knee was unoperated and served 
as a normal control for the histomorphometry 
analysis. The animals were allowed normal cage 
activity. The rabbits were divided into two groups 
and harvested at 6 and 12 weeks. After harvest, 
joints designated for histological analysis were 
processed using the following protocol. 
HISTOLOGICAL PREPARATION 
All rabbit femoral condyles were placed in 10% 
neutral-buffered formalin and decalcified with 14% 
EDTA until there was no radiographic evidence of 
calcification. Using the plane just above the 
surfaces of the medial and lateral condyles as a 
reference, specimens were then carefully embedded 
in paraffin such that the embedded reference plane 
was parallel to the surface of the paraffin. The 
blocks were then sectioned along the mid-sagittal 
plane through the center of the medial condylar 
defect, perpendicular to the embedded block 
surface, to insure the greatest available diameter 
of repair tissue for evaluation. Sections were cut in 
5 ttm sections and stained with hematoxylin and 
eosin (H & E) before analysis. All specimens within 
a study group were stained simultaneously to 
ensure uniform staining. A left-right comparison 
of normal articular cartilage was also performed to 
ensure that tangential variation did not adversely 
affect he cartilage height and cross-sectional area. 
CALIBRATION 
System calibration was performed to establish a
set of constants to permit he calculation of length 
and area. These constants were calculated for each 
level of magnification, which was selectable by 
varying the microscope objective lens between 1×, 
4×, 10x and 40×. A calibration chart was then 
established based on these constants to convert 
lengths in screen pixels to millimeters. A 1.0 mm 
Nikon precision calibration slide marked in 10 #m 
increments was utilized for calibration. By measur- 
ing the distance between known lengths on the 
video monitor and determining the distance in 
screen pixels, a calibration constant was obtained 
with units of mm/pixel. Multiple measurements 
Surface profile 
Repair cartilage Attachment 
Fro. 2. Schematic of femoral condyle section illustrating 
the repair parameters of a full-thickness articular 
cartilage repair. 
were made to ensure a calibration constant with 
less than 0.5% error (approximately 25 measure- 
ments). These calibration constants were depen- 
dent on the system set-up and not on the 
histological specimen of study. As a result, 
recalibration was only necessary if components of
the image analysis system were replaced. The 
calibration factors at each magnification were 
stored and were utilized for all measurements. 
MODEL DEVELOPMENT 
The ultimate goal of cartilage repair is to restore 
the tissue properties, composition and appearance 
of the repair to normal. Ideally, no histological 
differences would be visible between repaired and 
normal tissue. In determining which parameters of
the cartilage repair to measure, several goals were 
defined: (1) a repair should reform a normal 
articular cartilage surface, (2) it should be located 
in the correct anatomic place, (3) it should have a 
normal cell density, and (4) it should have a 
complete attachment to the surrounding normal 
host tissue. Attachment is determined by the 
absence of gaps between the repair tissue and 
normal tissue. 
Based on these goals, several parameters were 
identified for evaluation: the dimensions of the 
repair (height, or thickness, and area), the degree 
of attachment, the repair surface profile, and the 
location of the repair with respect o the cartilage 
it was replacing (Fig. 2). In order to describe repair 
tissue using these criteria, it is important to 
consider the combination of the parameters, and 
not focus solely on a single parameter, as no one 
value provides a clear picture of the status of the 
repair alone. 
In order to measure these parameters, a region 
defined as the repair site was established. The 
repair site is the area that would be occupied by 
the normal articular cartilage, were it present. A 
complete repair at the repair site would give the 
appearance of normal cartilage. Ideally, the 
surface would be smooth and congruous with 
the neighboring normal cartilage, and complete 
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attachment to the surrounding normal cartilage 
wo~d be present. This smooth surface was 
established on the computer by defining an arc 
across the defect with respect o the normal tissue 
on either side. A perfect repair fulfilling the 
idealized criteria is defined as the idealized 
repair. 
To perform the analysis, specimens stained with 
H & E were aligned on the microscope stage at low 
power (lx objective), such that approximately 
2 mm of normal cartilage was visible on either side 
of the repair region. The monitor used to view the 
video image of the specimen had a magnification 
factor of 32x. This image was captured on the 
analysis system by performing a 'frame grabbing' 
function, a function common to all image 
processing products. This image was stored for all 
subsequent measurements described in this text. 
An example of a cartilage section is shown in 
Fig. 3(a). 
The first step in studying the image was defining 
the transition between normal and repair carti- 
lage. This transition was identified by the observer 
on the video monitor using a pointer [Fig. 3(b)]. 
Ideally this transition would be at the cut edge of 
the defect where the graft was inserted, however, 
the repair process frequently extends beyond this 
edge into the surrounding host tissue. Identifi- 
cation of these boundaries frequently resulted in a 
width greater than the repair plug, but by using 
this wider figure, it ensured a clear differentiation 
between ormal and repair tissue. It is recognized 
that there is a subjective lement o this selection 
process, but as reported below, was found to be of 
little consequence when tested by intra- and 
interobserver variability. 
The surface profile of the repair site and 
adjacent normal cartilage was then 'digitized'. 
Digitization was performed by labeling the range 
of color within the stained cartilage surface and 
filtering out all other colors outside this 
threshold. A column by column scanning 
process was performed which determined the 
'edge' of the cartilage surface. This process 
describes the identification of the cartilage 
profile pixel by pixel across the repair. The 
resolution provided by this technique is a 
function of the magnification employed, as the 
number of pixels acquired by the video camera is 
constant while the magnification can be varied 
by selection of the microscope objective lens. A 
custom edge detection algorithm, based on these 
principles, was written to determine these screen 
coordinates. 
The normal tissue on either side of the repair 
was then used to establish an arc across the 
repair site. Several curve-fitting procedures were 
considered for this process, including a poly- 
nomial, a cubic spline, and an interpolation 
technique. Based on the nature of the data, the 
cubic spline was not deemed to be able to 
accurately span the gap between the normal 
cartilage on either side of the repair, and would 
not consider the importance of the surface at 
some distance from the edge of the repair. 
Interpolation was also found to poorly represent 
the repair cartilage surface. The polynomial fit, 
however, provided for equal weighting between 
all data points, and could provide a smooth 
curve across the repair cartilage. Polynomials of 
varying order were evaluated and a third-order 
polynomial was chosen based on its ability to 
highly correlate with the normal tissue, ease of 
computation, and its relative stability to vari- 
ations in the normal knee surface profile. The 
fit to a third order polynomial was performed 
using a linear least-squares technique. Screen 
coordinates were used to construct a linear 
system of equations which were solved using 
Gaussian elimination and back substitution. The 
resulting arc from the curve fit predicted a 
surface contour of the idealized repair, 
[Fig. 3(c)]. In similar fashion, the normal sub- 
chondral plate adjacent to the repair was 
identified, digitized, and curve fit forming an 
idealized subchondral plate across the repair 
site. It is important to consider that these fits 
were the best fit of the normal surfaces, and were 
considered ideal. Normal specimens were shown 
to deviate slightly from the predicted profiles as 
illustrated in the results for normal knee sur- 
faces. These mathematically determined bound- 
aries define the idealized repair site which must 
be filled with repair tissue. 
The measurement of repair attachment quan- 
titles the amount of integration the repair makes 
with the surrounding normal cartilage and 
subchondral bone. Attachment was expressed as 
a percentage of the length of the subchondral 
and peripheral boundaries. Regions of attach- 
ment were clearly visible on the specimens, and 
were identified by using a screen pointer to input 
the length of the segments into the computer. 
The total length of the boundaries were then 
entered, regardless of attachment [Fig. 3(d)]. The 
percent attachment was computed by dividing 
the total length of the segments actually at- 
tached by the total expected interface length. 
This measurement was unable to assess the 
attachment elsewhere than the mid-sagittal o- 
cation, since this was the only section used for 
the analysis. 
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Ideal ized surface 
\ \  
'\\ 
Repai r  surface 
FIG. 4. Schematic of an articular cartilage surface 
illustrating the differences between the idealized and 
actual surface profiles (arrows), and the mean surface 
elevation. 
SURFACE ROUGHNESS 
Quantitative measurements of surface rough- 
ness were made based on the previously digitized 
surface profiles of each specimen within the region 
of the repair. As defined for this application, 
surface roughness is the degree of deviation from 
an idealized, smooth surface (see Fig. 4). Calcu- 
lations of roughness are based on the differences 
between the repair profile and the idealized surface 
profile. 
The root mean square (RMS) roughness was 
determined by the following equation: 
(Y,'e~,airn - yideahzedn) 2 (1) 
1 
In the equation, N is the number of digitized points 
or pixels across the repair area, typically approxi- 
mately 300 points, and yrepair and yid~a,iz~a represent 
the coordinates of the repair surface and the 
polynomial curve fit relative to the normal surface 
respectively. Differences between repair and 
normal curve fit surfaces were determined for all 
digitized points within the repair region (N points). 
REPAIR  LOCATION 
Also of great importance was the placement of 
the repair tissue relative to placement of the 
original lost articular cartilage. Repair location 
was determined from two parameters: mean 
elevation and percent repair. Mean elevation is a 
determination f the average surface position with 
respect to the predicted surface and is calculated 
with the following equation: 
Mean Surface Elevation 
= - -  (yr~,p~irn - Y,d~'aliz,~dn) (2) 
N n= 1 
Percent repair is a measure of the repair cartilage 
filling the idealized repair site. As illustrated in 
Fig. 5, percent repair is calculated as the actual 
cartilage within the repair site relative to the total 
idealized repair area. Again, the digitized surface 
profile coordinates were used (yrepair,~) with the 
predicted surface profile (Y,d~liZ~an), and the calcu- 
lation of elevation was performed as a part of the 
analysis software written in the laboratory. 
STATISTICAL ANALYSIS 
All histomorphometric parameters were sub- 
jected to statistical analysis using a two-way 
analysis of variance (ANOVA) followed by Bonfer- 
roni-Dunn post hoc inter-group comparisons with 
the level of significance set at ~ = 0.05. 
VALIDITY OF THE METHOD 
Because this quantitative histomorphometric 
analysis was a new approach to assessing articular 
cartilage repair, it was necessary to address the 
validity and repeatability of the computed par- 
ameters. Validation was first performed by compar- 
ing the results of the sample analysis groups with 
a qualitative grading system, described previously 
in the literature [9]. Such qualitative grading of 
cartilage repair, resulting in a score representing 
the degree of cartilage repair, has been considered 
the gold standard in histological evaluation. The 
scoring scheme employed assigned up to 4 points 
for cartilage attachment (confluence, basal and 
peripheral attachment) and up to 4 points for 
quality of repair (safranin O uptake, cellular 
arrangement and repair tissue height). A total 
perfect score of 8 was possible, and a score of 0 
represented complete failure of the repair. Each of 
the specimens were graded using this scheme. 
Results were then compared with the parameters of
the image analysis system to determine the 
correlation between the two methodologies. 
In addition to comparison with a grading system, 
the precision, or repeatability, of the image 
analysis approach was determined. This was 
accomplished by the reevaluation of histological 
Actual Idealized 
repair area repair area 
FIG. 5, Illustration of the method to determine 
percentage r pair of an articular cartilage repair. 
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specimens several times by several individuals 
with varying degrees of expertise in the assessment 
of carti lage repair. 
Both the intraobserver (for a single observer) 
and interobserver (between observers) precision 
were assessed. Five individuals were selected to 
analyze the histological results from the previously 
described study. These observers were technical ly 
skilled at understanding histological findings of 
art icular carti lage and proficient in the operation 
of personal computers. Each was trained by the 
authors to perform the analysis. The complete data 
set (10 normal knee specimens, five 6-week 
specimens, and five 12-week specimens) was 
analyzed before repeating the measurement. All 
specimens were evaluated to obtain five trial 
measurements for each parameter, for each 
observer at different imes to minimize any memory 
effect. A period of time (greater than 24 h) was 
allowed between each trial of measurements o 
minimize any time-interval bias. Collection of data 
in this manner enabled the determination of the 
variat ion that one individual would produce, as 
well as a comparison of results for different 
observers. The data were studied statistically by 
constructing 95% confidence intervals for each 
observer as well as an overall interobserver mean. 
EASE OF USE 
An important objective was developing a simple 
user interface that could be learned quickly by a 
technician. The developed system was menu driven 
and mouse based. All users found it to be very user 
friendly and were competent within three or four 
trials. 
Resu l ts  
Histomorphometric parameters were determined 
for each specimen from both repair groups (N= 10) 
and the contralateral  controls (N=10). Because 
each repair specimen was compared with its 
contralateral  control, a standard diameter of 
3.7 mm was chosen for all control specimens in the 
same region as the repair. Repair thickness 
(calculated height) and area are i l lustrated in 
Figs 6(a) and (b). The left-r ight evaluation between 
normal carti lage condyles (N=4) resulted in no 
statistical differences (P> 0.35 for all pairs) 
assuring that such comparisons were valid. 
Carti lage thickness at 6 weeks (0.85 __+ 0.22 ram) 
and 12 weeks (0.89 + 0.41 mm) were significantly 
different from normal (0.32 _+ 0.06 ram, P < 0.001). 
However, there was no effect of time on the repair 
thickness (P > 0.50). The area of the repair tissue 
1.2 
1.0 
0.8 
.n 0.6 
"~ O.4 
0.2 
(a) 
0.0 
L 
6 weeks 12 weeks 
4 
3 
2 
(b) 
6 weeks 12 weeks 
FIG. 6(a). Calculated repair cartilage height, or 
thickness of 6 and 12 week repair tissue versus 
contralateral normat knee. Experimental knees were 
significantly different from control (P = 0.001). There was 
no effect of repair duration (P > 0.50). (m) Experimental; 
(Yl) control. (b). Repair cartilage area of 6 and 12 week 
repair tissue versus contralateral control. Experimental 
knees were significantly different from control 
(P < 0.002), but there was no effect of repair time 
(P > 0.50). (m) Experimental: ([]) control. 
followed a similar trend, with the repair groups 
showing more carti lage than the controls. At 6 and 
12 weeks, there was more than twice as much 
carti lage present (2.94 + 1.1 mm -~ and 3.2 + 1.7mm 2, 
respectively) over the control areas (1.3+ 
0.27 mm~). This increase was statistically signifi- 
cant (P= 0.002). 
No statistical differences were noted for sub- 
chondral attachment between repair groups and 
control, but peripheral attachment was much less 
for the repair groups, as shown graphically in 
Fig. 7. Both repair groups were significantly 
different from normal which is 100% attached at 
both the peripheral and subchondral areas. 
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120 
100 
~ so 
~ 60 
~ 40 'C. 
20 
6 weeks 12 weeks 
FIG. 7. Peripheral attachment of 6 and 12 weeks repair 
tissue versus contralateral control. Experimental knees 
were significantly different from control (P < 0.001), but 
there was no effect of repair time (P=0.16). ( I )  
Experimental; ([]) control. 
Subchondral attachment was greater than periph- 
eral attachment for both repair groups. These 
results are reflected in Table I. 
Mean elevation, reflected in Fig. 8, indicates the 
amount of surface elevation or depression from the 
idealized surface. Surface elevations for all 
specimens were lower than ideal. The relative 
surface depression of the repair specimens was 
greater at 6 weeks, but as the carti lage had more 
time to heal, the surface tended to show more 
variation. At 12 weeks, the surface was less 
depressed than controls, but showed a high level of 
variability. Control elevations were slightly lower 
than ideal, suggesting that normal carti lage does 
not truly follow the idealized profile and is, in fact, 
less curved than predicted to a small degree. This 
could be an effect of tissue processing as well. The 
mean control elevation was -0.046 + 0.066 mm. The 
repair elevations were -0.184 +_ 0.21mm and 
-0.01 +_ 0.3 mm for 6 and 12 weeks, respectively. 
These values were not significantly different from 
each other or controls. 
Surface roughness of the repair groups was 
significantly different from normal (Fig. 9, 
P = 0.01), with the 12 week specimens being slightly 
°4 f
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FIG, 8. Average repair elevation of 6 and 12 week repair 
tissue versus contralateral control. Values less than zero 
represent a surface that is depressed from the 
surrounding tissue. There was no significant difference 
between repair and control (P=0.54) or repair time 
(P=0.54). ( I )  Experimental; (~]) control. 
rougher (0.29 + 0.10 ram) than the 6 week group 
(0.26 + 0.16ram). The normal surface roughness 
was found to be 0.06 + 0.05 mm. Percent repair, 
describing the amount of carti lage at the repair 
site, was highly variable (Fig. 10) with 12 week 
repairs showing the greatest amount of cartilage 
(95.2 +__ 85%) over the 6 week repairs (49 + 44%). 
Normal cartilage, because of factors discussed 
previously, was lower than idealized (82 _+ 5%) 
with minimal variability. 
Grading of the specimens by means of qualitative 
scoring resulted in the six parameters described in 
0"6 I 
0.4 
~0.2 
Table I 
Comparison of repair cartilage attachment 
Group 
Peripheral Subchondral 
attachment (%) attachment (%) 
mean ± S.D. mean ~ S.D. 
Control (N= 10) 100 100 
6 weeks (N= 5) 38 _+ 25 92 _+ 14 
12 weeks (N=5) 67 ± 42 85 ± 24 
0.0 
6 weeks 12 weeks 
FIG. 9. Root mean square surface roughness of 6 and 12 
week repair tissue versus contralateral control. Exper- 
imental knees were significantly different from control 
(P < 0.001), but there was no effect of repair time 
(P > 0.50). ( I )  Experimental; ([]) control. 
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FIG. 10. Repair cartilage area of 6 and 12 week repair 
tissue versus contralateral control. Experimental knees 
were not significantly different from control (P > 0.50). 
There was no effect of repair time (P=0.28). ( I )  
Experimental; ([]) control. 
study group, thus indicating the degree of 
interobserver variation. 
Fig. 12 i l lustrates the precision calculation for 
carti lage height. Cartilage height is a relatively 
simple calculation for the analysis system. The five 
observers are indicated along the x axis (JA, JH, 
KB, KO and MY). Indicated errors are the 95% 
confidence intervals about each mean. The interob- 
server mean is indicated to the right 
(0.325 + 0.020 ram), with the dashed lines indicat- 
ing the 95% confidence interval about the overall 
mean. The means for all observers lie within this 
confidence interval. Repair carti lage groups 
showed similar heights, with the confidence 
intervals for 6 week repair (0.806 + 0.052 mm) and 
12 week repair (0.845 + 0.038 mm) being of similar 
magnitude. These limits suggest a precision for 
carti lage height better than 0.05 mm. 
Fig. 13 shows the precision for the RMS surface 
the methods. Plott ing the average of each 
quantitat ive score against the qualitative scores 
for each specimen as an x-y  plot resulted in a 
statistical r 2 value of correlation. Scores for 
attachment showed a high correlat ion with r ~ 
values of 0.96 for basal attachment and 0.94 for 
peripheral attachment [Fig. 11(a)]. The comparison 
between carti lage height (quantitative) and repair 
tissue height (qualitative) resulted in a value of 
0.95. However, when comparing carti lage height to 
confluence r 2 had a value of 0.87 [Fig. ll(b)]. Other 
correlations could not be made because the defined 
parameters were not included as part of the 
quantitat ive assessment. For example, safranin O 
uptake was not measured and could not be 
compared. Similarly, cellular arrangement could 
not be assessed as it was not included as a 
morphometric parameter of this study. Currently, 
a technique is being assessed to measure staining 
density as a parameter of safranin O uptake. 
Results of the precision analysis were computed 
to assess the interobserver and intraobserver 
precision of each parameter. Data from all 
measurements were assembled for statistical 
analysis using customized analysis software, into a 
three-dimensional data matrix for each parameter 
of study. This matrix permitted the calculation of 
the mean and variance from several perspectives. 
First, the mean and variance was determined for 
each specific observer over all specimens from each 
group (Normal, 6 week repair, 12 week repair). 
These results were indicative of intraobserver 
precision. Next, the mean and variances were 
calculated for all observers and trials within a 
125 r 
100 l/a/ 
25 
I 
0 0.5 1 1.5 2 2.5 
Qualitative score 
1"5 I (b) 
8 
~ 0.5 
• ~ ~ ~ L__}  
0 0.25 0.5 0.75 1 1.25 
Qualitative score 
FIG. ll(a). Quantitative vs qualitative scoring for 
attachment parameters. Peripheral attachment was 
scored out of a possible 2 points and basal out of 1 point 
according to the qualitative scoring method. (D) 
Peripheral attachment r 2=0.955; (0) basal attachment 
r=' = 0.943. (b). Qualitative scores for repair tissue height 
and confluence compared to the quantitative scores for 
cartilage height. ([:]) Confluence r2=0.869; (0) tissue 
height r 2 -- 0.946. 
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12. Intraobserver and interobserver precision 
assessment. Observer initials are indicated along the 
x-axis. Dashed lines indicate the overall mean value. 
Error bars indicate 95% confidence intervals. (0) 
Control (N=10); (A) 6 weeks (N=5); (A) 12 weeks 
(N= 5). 
roughness for each of the study groups. This 
parameter is the most computationally intensive 
measure mployed. The means are shown for each 
observer with 95% confidence intervals indicated 
by the bars. Intraobserver variation is smaller for 
control groups, and of similar magnitude for the 
repair groups. The interobserver mean lies within 
the 95% confidence limits for all repair and control 
groups. As with cartilage height, the control 
roughness (0.062+0.015mm) was significantly 
lower than the 6 week (0.278 + 0.029 mm) and 12 
week (0.239 ± 0.030 mm) groups. Based on these 
results, the greatest variation in roughness was 
less than 0.03 ram. 
0.4 
. . . . .  . . . . .  . . . . . . . . . .  . . . .  
% 
a~ o.1 
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0.0 [~ I t _ I i l ] 
JA JH KB KO MY MEAN 
Observer 
FIG. 13. Intraobserver and interobserver precision 
assessment. Dashed lines indicate the overall mean 
value. Error bars indicate 95% confidence intervals for 
each data point. (0) Control (N=10); (A) 6 weeks 
(N= 5); (A) 12 weeks (N= 5). 
' 2°  f 
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Observer 
and interobserver FIG. 14. Intraobserver precision 
assessment. Dashed lines indicate the overall mean 
value. Error bars indicate 95% confidence intervals for 
each data point. (0) Control (N=10); (A) 6 weeks 
(N= 5); (A) 12 weeks (N--5). 
Percent repair is illustrated in Fig. 14. Control 
values were less than 100%, emphasizing the 
importance that normal biological tissue does not 
follow the 'idealized' surface profile, but is slightly 
less than complete. The confidence limits defined 
by the interobserver p ecision capture the means 
of all observers. Percent repair values for control 
(84.3 + 4.5%) and 12 weeks (86.9 + 8.2%) were 
similar while that of 6 weeks was significantly less 
(44.6 ± 3.5%). 
Discuss ion  
In our opinion a grading scale designed to define 
the severity of cartilage degradation or degener- 
ation, such as the Mankin Scale, is not appropriate 
for application to the study of cartilage rebuilding 
or repair. Although there is overlap in some 
parameters used to define degeneration and 
those used to define repair, there are some 
significant differences between these two concepts. 
For instance, degradation grading scales ignore 
the important observation of the location of the 
repair tissue v isa  vis the ideal position of 
the articular cartilage and its surface. Surface 
roughness indicative of early degeneration may 
represent the normal circumstance for early 
repair. 
The methodology reported here is designed 
specifically for the model of cartilage repair used 
in our laboratory. A different model might require 
a somewhat different methodology, although the 
principles employed in the design of this method 
would still be applicable. The analysis system 
utilized to establish the techniques described was 
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developed using built-in analysis routines, as well 
as custom software written in our laboratory. More 
recently since the completion of this initial project, 
many possibilities for system improvements have 
become available at a lower cost. Image processing 
no longer requires the need for dedicated computer 
equipment, as all functions can be performed on a 
personal computer equipped with an image 
acquisition card and general image analysis 
software described in this application. 
The ability to quantify histological analysis and 
minimize a large portion of the subjectivity 
demonstrated by previous techniques hould allow 
a more quantitative comparison between control 
and experimental specimens. It also permits a 
comparison with normal tissue which is, after all, 
the ultimate goal. Several of the geometric 
parameters examined in this study have been 
established previously as comparative quantities, 
such as repair area and presence of a subchondral 
plate. With the advent of computerized analysis, 
barriers to more complex analysis can be elimi- 
nated and quantities that have in the past been 
estimated may now be more quantitatively deter- 
mined. It is recognized that several of the key steps 
in the analysis procedure utilized require user 
input, a point of subjectivity, but concluded that 
the degree of subjectivity, compared with grading 
systems has been greatly reduced and shown to be 
highly reliable by inter- and intraobserver com- 
parisons, as well as direct comparison with 
qualitative scoring methods. 
While many systems rely on gray scale differen- 
tiation between image features, the analysis 
system available for use in this protocol permitted 
the use of color in the analysis. While histological 
staining techniquesmay result in color differences 
between objects of interest and background, and 
may provide for finer distinction between similar 
colors of a histologic preparation, the need for 
color analysis is not essential and similar analysis 
could be performed satisfactorily using gray scale 
images. 
One of the primary functions of articular 
cartilage is to provide extremely smooth, lubri- 
cated surfaces in contact with one another upon 
which motion may take place. Traditional engin- 
eering techniques of assessment applied to mech- 
anical surfaces can be applied to biological 
surfaces, although no one parameter can be used to 
completely describe a surface and many roughness 
parameters have been defined. For biological 
applications, surface roughness has typically been 
characterized by subjective means. In this study, a 
technique was developed to quantitatively de- 
scribe the degree of surface roughness present on 
the rabbit femoral condyle. The RMS surface 
roughness was selected for this analysis and it 
provides a means of placing a value to the degree 
of roughness, a larger value indicating a greater 
degree of roughness. 
The introduction of normative data is an 
important contribution to this methodology. While 
direct measures such as 'cartilage height' and 
'repair area' are subject o biologic variability as 
well as differences in shrinkage or swelling during 
tissue processing, normative values maintain the 
relationship desired for assessing tissue repair. 
These data permit comparisons of experimental 
results with normal cartilage and provide insight 
into the completeness of a repair, i.e., how close the 
repair has achieved normal parameters, which can 
be expressed as a percentage of normal. Compari- 
sons with subsequent study groups would then 
determine the improvement or lack of improve- 
ment to cartilage healing in a quantitative fashion. 
Statistical analysis will increase the validity of 
these comparisons. 
A goal of this methodology was to differentiate 
between control and repair cartilage to the extent 
such differences existed. We believe this goal was 
accomplished. This system does not yield a single 
score which can be graded excellent, good, fair or 
poor, thereby making comparison with previously 
devised grading systems difficult. This has been 
addressed by considering interobserver and intra- 
observer variability, which provided a quantitat- 
ive assessment of system precision. It was found 
that observers tended to be consistent in their 
estimation of mean parameter values, whether 
above or below the mean. Results of the critical 
multiobserver analysis showed the precision was 
high enough to distinguish between control and 
repair tissue. 
Because this is a new approach, additional 
system refinements and enhancements will be 
performed. Efforts are currently in progress to 
develop techniques for additional measurements. 
This includes assessment of cellular density by 
cartilage zone, measurement of proteoglycan 
content by safranin-O staining, determination of 
collagen fiber orientation within the cartilage 
matrix, and the assessment ofnumbers and sizes of 
cell clones using an object-oriented technique. It is 
recognized that these are all important measures, 
but are somewhat more difficult to quantify. At 
present, work is ongoing to develop these methods 
and evaluate their validity for practical use in 
histomorphometric analysis. Also of interest is the 
development of a single-weighted composite score 
that would correlate with the degree of cartilage 
healing. Additional statistical studies comparing 
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normal and repair cartilage parameters may result 
in the development of such a composite score. 
Further implementation of this methodology to 
other laboratories can be simplified by standardiz- 
ing the image files (such as TIFF), utilizing 
software readily available such as the public 
domain application NIH Image, and structuring 
the processing software to handle video images 
that are independent of the computer system 
available for use. 
Possible system limitations stem from the 
continued need for observer interaction with the 
analysis. While no technique can completely 
eliminate the need for a user guided analysis, 
further development of carefully defined rules of 
judgment will lead to less interaction with the 
operator. A significant consideration is the quality 
of the histologic preparation. For example, it is 
known that paraffin sections hrink approximately 
12%. There is probably some variability between 
normal and OA shrinkage. This difference would 
be most notable in the direct measures of cartilage 
height and repair area. They are included mainly 
as a frame of reference and should be recognized as 
such. Other parameters measured in this method, 
being independent of the cartilage volume would 
not be directly affected by variations due to tissue 
processing. Further, poorly prepared sections are 
difficult to measure and increase the observer bias 
of important biological andmarks. Proper tissue 
handling, sectioning, staining and mounting is 
essential to the success of a more quantitative 
analysis system. 
While this study has focused on the histological 
evaluation of articular cartilage repair, it is 
important to measure the biochemical composition 
and biomechanical properties of the repair tissue 
to formulate a complete analysis. It should be 
noted, also, that assumptions have been made 
regarding the importance of histological par- 
ameters. Other parameters may need to be 
incorporated into the analysis that were measured, 
and their relative importance has yet to be 
discovered. Use of the system with several future 
healing study groups will be needed to completely 
confirm the advantages found with this method- 
ology over traditional, more qualitative tech- 
niques. 
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